[1] Many studies analyzing surface wind speed observations find a decrease in wind speed over the last 30 to 50 years. A cause sometimes proposed is increasing surface roughness, although to date the evidence that this is the primary factor is still inconclusive. In this study, changes in surface roughness are investigated for 20 stations in the Netherlands and 137 stations in 7 other European countries. From the Dutch data set, local aerodynamic roughness lengths were calculated from hourly gust factors. Trends in wind speed for individual stations and wind direction sectors correlate negatively with trends in surface roughness. 
Introduction
[2] Surface wind speeds and their changes play a significant role in society. For example, near surface wind speeds: (i) determine the current and future yields from wind energy farms [e.g., Haslett and Raftery, 1989; Segers, 2009 ; A. R. M. Bakker et al., Decomposition of the windiness index in the Netherlands for the assessment of future long-term wind supply, submitted to Wind Energy, 2012]; (ii) influence evaporation rates, thereby influencing soil moisture balances and the hydrological cycle [e.g., Rayner, 2007; Fu et al., 2009; McVicar et al., 2012] ; and (iii) shape the capacity and (future) design of airports. Additionally, extreme wind speeds close to the surface play an important role in determining storm surge and wave height for coastal protection [e.g., Caires and Sterl, 2005; Wever and Groen, 2009] and have caused damage in European forests [Schüepp et al., 1994; Usbeck et al., 2010] .
[3] Surface wind speed observations are often considered to be very difficult to interpret, as they are generally known to have strong inhomogeneities, with wind speed measurements being especially sensitive to changes in measurement method and station surroundings [e.g., Verkaik, 2000; Thomas et al., 2008; Pryor et al., 2009; Wan et al., 2010] . The term inhomogeneity refers to the presence of signals in data sets that are not related to climatic changes [Aguilar et al., 2003] . Single station observations are often regarded as only being representative of the very local situation and are therefore of limited interest for climate change studies. Hence, a number of studies use geostrophic wind derived from surface pressure measurements or wind speeds from model reanalyses. Alexandersson et al. [1998 Alexandersson et al. [ , 2000 and Wang et al. [2009] studied geostrophic wind speeds derived from surface pressure measurements in the Northeast Atlantic Ocean and in Northwest Europe for . Their results show the existence of variations in geostrophic wind speeds due to variations in the pressure field. No systematic trends were found. However, as part of natural variability at long timescales, they found a 1-2% increase in the 95 and 99 percentiles of geostrophic wind since about 1960. [4] It is important to note that several studies found trends in geostrophic or model reanalysis wind speeds to demonstrate little similarity to observed wind speed trends in both the Northern [Smits et al., 2005; Pryor et al., 2009] and Southern Hemispheres [Rayner, 2007; McVicar et al., 2008] . Vautard et al. [2010] found an average change in wind speed of À2.4% per decade for Europe for 1979-2008, which was only partly being supported by model reanalysis output. A recent global synthesis by McVicar et al. [2012] , reviewing 148 studies analyzing trends in observed surface wind speed, showed that most studies report decreasing trends for many terrestrial tropical and mid-latitude regions over the last decades. The average trend is À0.14 m/s per decade for studies with more than 30 sites observing data for more than 30 years. This phenomenon, originally termed 'stilling' by Roderick et al. [2007] , was shown to be present in many European studies as well [McVicar et al., 2012] .
[5] McVicar et al.
[2012] also points out that many studies analyzing coastal or oceanic measurements have experienced increasing trends in wind speed. This is supported by an analysis of data from satellite based altimeters, revealing increasing trends in wind speed over large parts of the oceans for 1991-2008 [Young et al., 2011] . Wind speed measurements over sea by ships also revealed an increase averaged over the Atlantic Ocean for 1982 -2002 [Thomas et al., 2008 . However, in that study, the increase in observed wind speed is stronger than found in reanalysis output for this region, showing that discrepancies between observed wind speed trends and reanalysis output is not restricted to terrestrial regions only. The study proposes that inhomogeneities in the ship measurements, caused by changes in measurement method (especially measurement height), are the main cause of the discrepancies. A decrease was reported in both measured wind speed (up to 0.5 m/s per year) and reanalysis output (up to 0.2 m/s per year) in the Northern Atlantic Ocean and near Northwest Europe [Thomas et al., 2008] .
[6] When studies find a decreasing trend in terrestrial wind speed, it is sometimes proposed to be caused by an increase in surface roughness, due to urbanization [Pryor et al., 2009; Guo et al., 2011] , the expansion of forest areas and height [Vautard et al., 2010] and an increase in biomass in those areas [Ciais et al., 2008] . A model study by Vautard et al. [2010] showed that almost a doubling of surface roughness lengths is required to explain the trend in wind speed for Europe for 1979 Europe for -2008 . Other studies also suggest changes in atmospheric circulation and/or atmospheric stability to explain trends in near surface wind speed [e.g., Lu et al., 2007; Ren, 2010; Jiang et al., 2010; McVicar et al., 2012] .
[7] The interpretation of trends in near surface wind speed above land in the context of changes in surface roughness is hampered by the limited availability of methods and data to objectively derive surface roughness at measurement sites. Guo et al. [2011] separated 163 stations in China based on having a rural or an urban environment, expecting to find a stronger decrease in wind speed for urban sites compared to rural sites. This was not found, suggesting equal changes in surface roughness for urban and rural sites or mechanisms other than changes in surface roughness causing trends in wind speed. Also attempts to link trends in wind speed to trends in vegetation indices from high frequency, moderate spatial resolution remote sensing data (e.g., AVHRR, MODIS) have not achieved conclusive results [Vautard et al., 2010; McVicar et al., 2012] . Troen and Petersen [1989] used topographical maps in conjunction with roughness length classifications such as Davenport [Wieringa et al., 2001 ] to derive surface roughness information. This approach worked sufficiently well for standardizing wind speed measurements to establish a European wind climatology (the European Wind Atlas). Verkaik [2006] used land use maps to derive roughness information but found that deficiencies in these maps lead to significant errors (i.e., up to an order of magnitude) in the roughness length estimation. Moreover, the lack of consistent, high quality land use or topographical maps over several decades limits the value of this approach for climatological trend studies. Also, some possible causes for changes in roughness, like growing or densifying vegetation and forests, may not be captured in these maps.
[8] Another source for objective surface roughness information is provided by Monin-Obukhov similarity theory via the turbulent intensity of the wind. This can be quantified by the gustiness, defined as the ratio gust wind speed over mean wind speed [e.g., Wieringa, 1976; Barthelmie et al., 1993; Ashcroft, 1994] . In this study, hourly gustiness analysis is used to quantify trends in surface roughness for the Netherlands for 1962-2009 and 1981-2009 . Using a conceptual model of the atmospheric boundary layer, the effects on the surface wind speed are investigated. The method is then applied to 7 other European countries for 1982-2009 by analyzing daily gust wind speed and mean wind speed data.
Theoretical Background

Gustiness Analysis
[9] The local roughness length is estimated from the wind speed observations by means of gustiness analysis [Wieringa, 1973] . Following Monin-Obukhov similarity theory, the turbulent intensity of the wind speed, expressed by the standard deviation of the horizontal wind speed fluctuations s u (m/s), relates to the friction velocity u * (m/s) by [Panofsky and Dutton, 1984] :
where c is a stability dependent factor, reported to approach 2.2 for neutral atmospheric conditions [Beljaars and Holtslag, 1991; de Bruin et al., 1993] . Combined with the logarithmic wind profile, a relation is derived between the standard deviation of the wind speed and the surface roughness [e.g., de Bruin et al., 1993; Verkaik, 2000] :
where U m is the mean wind speed (m/s), k is the von Kármán constant (0.4), z m is the measurement height above the ground (m) and z 0 is the local roughness length (m). The standard deviation is not routinely measured at climatological sites. Using measured wind speed spectra and simulating the filtering process by measurement equipment, Beljaars [1987a] related the gust wind speed to the standard deviation. The gust factor, defined as the ratio of the maximum gust wind speed in a specific time interval divided by the mean wind speed for that same interval, can then be related to the local roughness length by [Verkaik, 2000] :
where G is the gust factor, U max is the maximum gust wind speed (m/s), a the attenuation factor (-) and u x the normalized gust (-). The angle brackets denote the mean value, when using the gustiness model by Beljaars [1987a] . In this study, the mean wind speed is an hourly average (for the Dutch data set) or a daily average (for the European data set). The maximum gust wind speed is the highest peak wind speed, averaged over a few seconds, that occurred in the same hour or day respectively.
[10] The relation between the gustiness G and the local roughness length z 0 as described by equation (3) is governed by two dimensionless factors: the attenuation factor a and the normalized gust u x . These coefficients are determined by the average wind speed, the measurement height and the characteristics of the anemometer and recorder, together forming the measurement chain [Verkaik, 2000] . For analogue recorders, the coefficients a and u x are determined by the response time and measurement interval of the recorder and the response length of the anemometer. When using a digital recorder, the sample frequency, the averaging time for determining gust wind speeds and the measurement period determine these coefficients, together with the response length of the anemometer. For the Dutch measurement network, the measurement chain characteristics are quite well known for most combinations of anemometers and recorders [Verkaik, 2001] . For the European stations, this information was not available and changes in instrumentation may lead to inhomogeneities in the gust factors.
Two Layer Boundary Layer Model
[11] To estimate the effect of changes in z 0 on U m for the Netherlands, a conceptual two layer boundary layer model for the neutrally stratified atmosphere proposed by Wieringa [1986] is applied. This model relates the free atmosphere wind speed to the surface wind speed, incorporating the influence of surface roughness.
[12] The first layer is the surface layer, described by the logarithmic wind profile [Tennekes, 1973] and defined by z 0 and u * . The surface layer extends to a blending height, where variations in local roughness can be considered to have merged into a mesoscale averaged surface roughness z 0,m (m), giving here a so-called meso wind speed. A typical value for the blending height is 60 m [Wieringa, 1993; World Meteorological Organization (WMO), 2008] and was used here in all calculations.
[13] For a given meso wind speed and z 0,m , the logarithmic wind profile provides the friction velocity at the blending height u * ,m (m/s). To relate the free atmosphere wind speed (called macro wind) at the top of the planetary boundary layer with the meso wind speed, a second layer is defined that consists of the Ekman layer, described by matching theory [Blackadar and Tennekes, 1968] . The macro wind speed used here is not necessarily equal to the synoptic geostrophic wind, as it is derived from the measured wind speed and thereby also incorporates ageostrophic wind components. By applying the planetary drag laws, both components of the macro wind speed can be related to u *,m by:
and
where U macro is the component of the macro wind speed parallel to u * ,m and V macro the component perpendicular to U macro . f is the Coriolis parameter (≈1.1 Â 10 À4 s À1 for the Netherlands) and A and B are constants, taken as 1.9 and 4.5 respectively [Wieringa, 1986] . The height of the planetary boundary layer depends linearly on u * ,m for a neutrally stratified atmosphere and typically is in the order of several hundred meters.
[14] For a given local and mesoscale roughness, the two layer model now provides a relation between the macro wind and measured wind speed. The separation between local and mesoscale roughness is determined by the two layers defined in the model. The local roughness is defined as the roughness length derived from a logarithmic profile between the blending height and the measurement height and the mesoscale roughness is defined as the roughness length following from matching both layers via the friction velocity u * ,m . Although difficult to quantify for heterogeneous terrain, where surface roughness elements vary in size and distribution, typical footprint length scales for local and mesoscale roughness are estimated to be 200-500 m and 3-8 km, respectively [Wieringa, 1976 [Wieringa, , 1986 Verkaik, 2006] .
Exposure Correction Factors
[15] Using the surface layer, the local roughness length can be translated into exposure correction factors (ECF). These convert measured wind speeds with directionally varying upwind roughness to corresponding standardized wind speeds (called potential wind) at a reference height (z r ) of 10 m over hypothetical nearby open terrain, with a reference local roughness z 0,r of 0.03 m [Wieringa, 1976] . These reference values correspond to the recommendations for wind speed measurements by the WMO [2008] and were exclusively used in this study. The ECF is defined as:
where ECF is the exposure correction factor, U p is the potential wind speed (m/s) and z b is the blending height (m).
[16] When the measurement height is constant, ECFs are only a function of local roughness. Furthermore, they immediately show the effect of variability in local roughness on measured wind speed, assuming that the potential wind speed is constant. The potential wind speed is only influenced by mesoscale roughness, as it scales linearly with the wind speed at blending height by a constant factor, which is only a function of the blending height.
Error Sources
[17] Three issues are important to consider when gustiness analysis is applied in a changing climate or changing environment. First, in the gustiness model by Beljaars [1987a] , mean gust factors will slightly increase with a decreasing mean wind speed and vice versa. For the typical situation of wind speed measurements at observational sites that follow WMO recommendations, changes in mean wind speed of about 50% are necessary to influence the gust factors by approximately 1%. A similar sensitivity of the median gust factor to an increase of the mean wind speed was shown in observational data by Ashcroft [1994] .
[18] Secondly, the exact value of the blending height z b is mainly a function of z 0 for neutral atmospheric stability conditions. Verkaik [2000] has shown that choosing a constant value of 60 m for z b is justified for typical local roughness lengths at measurement sites. The uncertainty in ECFs due to the uncertainty in the exact value of z b is about 23 times smaller than the uncertainty in z b , for z 0 = 0.2 m. Note that the values provided by Verkaik [2000] , based on his equation (42), could not be reproduced, although the order of magnitude is similar.
[19] Thirdly, factors other than land cover changes may influence the gustiness, including: (i) instrumentation changes; (ii) improvements in anemometer technology; and (iii) climatological changes in atmospheric stability or circulation. Instrumentation changes are accounted for when applying gustiness models, yet Verkaik [2000] showed an example where the ability to correct for changes in the measurement chain was limited and a change in recorder caused a discontinuity in ECFs. Improvements in anemometer technology will also influence gust factors. Over the years, cup anemometers have in general gradually improved with faster response times [Kristensen, 1999] and also the use of sonic anemometers increased. These developments better capture the highest wind gusts and reduce the overestimation of the mean wind speed by 'overspeeding effects' [Kristensen, 1999] . This may increase gust factors, but it is difficult to quantify the exact effect. Furthermore, the gustiness of the wind is strongly influenced by atmospheric stability and circulation. Gustiness analysis should therefore ideally be restricted to neutral atmospheric conditions and stationary wind speeds only. To ensure a high prevalence of neutral atmospheric stability, a wind speed threshold is applied. Stationary wind speeds are achieved by restricting gustiness analysis to timescales of 1 hour. However, this approach may not be sufficient; an example of a phenomenon clearly violating these assumptions are convective (thunder)storms. Climatological changes may alter the prevalence of neutral atmospheric stability and stationary wind speeds for the given threshold and timescale. This is tested for by assuming that such changes would be present at many stations and would have a similar effect.
Materials and Methods
Materials
[20] From 1981 to present, 20 stations in the Netherlands have an almost continuous series of observed hourly mean wind speed and gust wind speed and for 13 of these stations, the series of hourly measurements commenced in 1962. Table 1 lists station numbers and station names of these 20 stations. They also serve as synoptic stations (SYNOP stations), closely following WMO recommendations.
[21] This data set has already been used in a number of studies [e.g., Wieringa, 1976 Wieringa, , 1986 Verkaik, 2006; Wever and Groen, 2009] , including a study analyzing trends in wind speed [Smits et al., 2005] . The 20 stations are spread throughout the Netherlands. 3 stations (225, 310 and 330) are located directly at the coastline, measuring a wind speed over water when wind is coming from the North Sea. The other stations are located inland, of which 6 stations (235, 240, 270, 277, 343 and 344) are located in large scale flat and open terrain and 11 stations (260, 265, 275, 279, 280, 290, 350, 356, 370, 375 and 380) are located at open measurement sites, but with forests and sometimes slightly hilly terrain (land surface elevation differences up to 20-60 m over 5 km [see Wieringa, 1986] ) present on the mesoscale. This means that the data set used in this study consists of a variety of station surroundings. From the 20 stations, 12 are located at airports or (military) airfields (235, 240, 265, 270, 275, 280, 290, 344, 350, 370, 375 and 380 et al., 2002] , observed daily wind gust and daily mean wind speed records are currently available from 7 countries: Czech Republic (CZ), Estonia (EE), Germany (DE), Ireland (IE), the Netherlands (NL), Norway (NO) and Spain (ES). The data in ECA&D are obtained from climatological divisions of National Meteorological and Hydrological Services and station series maintained by observatories and research centers throughout Europe. The data set is quality checked using some basic checks [Project Team ECA&D, 2011] . For Switzerland (CH), quality controlled wind speed data were obtained from the meteorological data archive of the Swiss Federal Office of Meteorology and Climatology (MeteoSwiss). Table 2 shows per country the total number of stations available. Norwegian data were available only since 1982; hence the trend analysis for the European data was limited to 1982-2009.
Methods
[23] Figure 1 provides a flowchart of the data processing steps that are discussed in detail below. Verkaik [2000] showed that ECFs derived from gustiness analysis are prone to errors of up to 40% when applied during stable atmospheric conditions. To increase the relative presence of neutral and unstable atmospheric conditions in the calculation of gust factors, a threshold of U m > 5 m/s has been applied on the Dutch data set [Wieringa, 1976; Verkaik, 2000] . This threshold retains on average approximately 30-35% of the hourly values and reduces the systematic error in ECFs due to non-neutral atmospheric stability to $1% for z m = 10 m up to $3% for z m = 20 m [Verkaik, 2000] . For the combined European data set, a daily mean wind speed threshold of 2 m/s was applied for calculating gust factors, retaining on average approximately 70-75% of the data. The latter threshold is lower, because daily values instead of hourly values are considered.
[24] After determining a and u x (equation (3)) from the characteristics of the measurement chain using the Beljaars [1987a] model, z 0 and ECFs (equation (6)) are routinely derived from mean hourly gust factors principally each 3-6 years, depending on data availability for the applied threshold, known changes in local roughness, wind mast relocations or instrumentation changes. Local roughness lengths are determined per each 20 degree sector separately, giving 18 directional sectors at each station. Accordingly, series of yearly mean wind speed per station and 20 degree wind direction sector were constructed. To be able to compare the directionally varying ECFs with the omnidirectional average wind speed, an average ECF was calculated, with wind rose frequencies used as weights. This average is herein referred to as the directional frequency weighted average.
[25] When the station surroundings consist of forests or crop fields, there is usually a significant difference (up to 10%) in ECFs for summer (April-October) and winter (November-March). For these stations (240, 260, 275, 279, 280, 356 and 370) , the yearly average ECF was calculated as a weighted average of both seasons.
[26] In the Netherlands, 4 stations (225, 260, 310 and 330) are not measuring at the reference height of 10 m, but at heights up to 20 m. To make these stations more comparable, thus diminishing the effect of changes in measurement height on the results, data not measured at 10 m height is transformed to an equivalent 10 m observed wind speed by applying the logarithmic wind profile and using the z 0 derived from the gustiness analysis. By substituting this 10 m equivalent wind speed in equation (6), only the part of the ECF correcting for deviations from the reference roughness length is determined.
[27] For the European data set, the analysis is restricted to the gust factors, as information regarding the measurement chain characteristics was very limited. Yearly series were constructed by taking the median of the daily gust factors per a N (tot) denotes the total number of stations having gustiness data and N (ana) the number of stations used in the analysis after applying the selection criteria. The results are based on N (ana) and expressed as the number of stations showing a significant (p < 0.05) positive and negative trend in respectively wind speed (U m ) and gust factors (G), the correlation coefficients (r) and t-values between linear trends in daily gust factors and linear trends in mean wind speed, and the relative and absolute linear trend in average yearly mean wind speed. Significant correlation coefficients and trends (p < 0.05) are shown in bold.
b The data set for Estonia (EE) contains only 2 stations, therefore, no correlation coefficient can be calculated.
year, for all years having at least 50 days with a valid wind gust and a valid daily mean wind speed above the threshold defined above. This threshold was based on the recommendation by Beljaars [1987b] to have at least 20 values of gust factors when applying gustiness analysis. The higher threshold is to compensate for the non directional analysis.
Only stations with at least a total of 20 years of yearly averaged gust factors were used for analysis (not requiring consecutiveness), as yearly averaged local roughness generally changes at a slow rate, which would then be difficult to detect within shorter time series. Table 2 lists the total number of stations per country for which daily wind gust and daily mean wind speed data were available and the number of stations used in the analysis after applying the selection criteria mentioned above.
[28] Beljaars ' [1987a] model requires the mean wind speed to be stationary. For hourly gust factors, the errors caused by non-stationary wind speeds during the hour are small for wind speeds above the applied threshold [Wieringa, 1973] . For daily mean wind speed, the wind speed will be generally non-stationary during the day. Although Beljaars [1987a] model is not applied to daily data here, the use of daily gust factors as a proxy for surface roughness is verified by calculating the correlation between directional frequency weighted average ECFs with the yearly mean daily gust factors for the 19 Dutch stations available in both data sets.
[29] Here, the rate of change in wind speed, ECFs and gust factors, is expressed as a linear trend from the time series of yearly averages. The main purpose of using linear trend analysis is to provide a measure of change, comparable to what is used in other studies [see McVicar et al., 2012, and references therein] . It does neither imply that gust factors, ECFs or average wind speed are subject to systematic linear changes, nor that the trends can be extrapolated into the future. Trends and correlation coefficients are considered significant when they are statistically significantly different from 0 at the 95% confidence level using a Student's t-test.
Error Estimation
[30] To assess the potential error in the analysis, the three coastal stations were analyzed in more detail. During 1981-2009, these stations have been measuring directly at the shoreline. Therefore, it is possible to distinguish wind directions with fetch over sea (sea sectors) and over land (land sectors). Trends in wind speed at the North Sea are reported to be negative [Thomas et al., 2008; Young et al., 2011; Bakker et al., submitted manuscript, 2012] . Following Charnock's relation between friction velocity and surface roughness of sea surfaces [Charnock, 1955] , combined with the parameterization of the drag coefficient by Wu [1982] , the sensitivity of the sea surface roughness to changes in wind speed can be expressed as:
[31] Young et al. [Coelingh et al., 1996] , equation (7) gives a change in z 0 of À0.71% per year. Using equation (39) in Verkaik [2000] , this trend in z 0 is equal to a trend in ECF of approximately 0.01% per year for a typical sea surface z 0 of 0.002 m. The accuracy in the determination of ECFs necessary to detect this small trend cannot be achieved by gustiness analysis [Verkaik, 2000] . Therefore, ECFs for sea sectors can be assumed to be constant and existing trends in sea sector ECFs can be interpreted as an error estimation of the gustiness and trend analysis.
Results
Exposure Correction Factors and Local Roughness
[32] Figure 2 shows the yearly average ECF for the 13 stations that have a record since 1962 and the 20 stations From 1962 From -1973 , a decrease is found, after which the ECFs increased, the latter indicating increased local roughness. To quantify the changes in local roughness, Table 3 shows values for z 0 that correspond to the average ECFs, and accompanying Davenport roughness classifications per station for 1962, 1982 and 2009. [33] The reason for the decrease in the first years of the study period is not fully understood, although the station archives [Verkaik, 2001] list 27 wind mast relocations for the 13 stations during 1962-1980, of which the most important are mast relocations at coastal stations from approximately 100 m inland to a location directly at the shoreline. The impact on roughness lengths was considerable, as illustrated by Table 3 . For 1981 For -2009 , the station archives still describe several wind mast relocations albeit much less often (17 relocations for the 20 stations).
[34] The median change in z 0 at the land based stations (i.e., ignoring the 3 coastal stations), is an increase by a factor 2.02 between 1962 and 2009 and 1.72 between 1981 and 2009 . These changes typically increased the roughness one Davenport class, noting that the largest component of the increase occurred after 1981.
Local Roughness and Measured Wind Speed
[35] The analysis of the time series of ECFs and U m revealed some important changes. Table 1 shows per station the number of wind direction sectors having significant positive and negative trends in U m and ECFs. The rate and sign of those changes vary per station and per direction. Figure 3 provides a scatterplot of the relative linear trend in ECFs versus the relative linear trend in U m per station per wind direction for 1962-2009 and 1981-2009 , showing a strong negative correlation. This suggests that observed trends in wind speed at measurement sites can be (at least partially) explained by changes in surface roughness.
[36] To investigate the possibility that changes in atmospheric circulation and/or stability are influencing the results of the gustiness analysis and thereby the trends found, it is tested whether this correlation is present between the stations for one specific wind direction sector. A systematic atmospheric change would cause similar trends at many stations for a specific sector. The low variability in trends compared to the uncertainty in the trend estimations will result in a low correlation for that sector. On the other hand, local changes at measurement sites, like changes in surface roughness, will introduce variability in the trends for U m and ECFs for a specific sector. If a strong negative correlation between both quantities for this specific sector exists, it means that the variability in trends in wind speed is systematically explained by trends in ECFs.
[37] For 1962-2009 for the 13 stations the correlation between stations tested significant per wind direction sector for all 18 directional sectors, with a lowest correlation coefficient of À0.635 (t-value = 2.73) and a highest correlation coefficient of À0.909 (t-value = 7.25). This result shows that for each 20 degree wind sector, the variability in trends in wind speed is systematically explained by the trends in ECFs. The correlation coefficients and t-values for 1981-2009 for the 20 stations are generally smaller than for the long period. For one 20 degree wind sector, the correlation is not significant. The significant correlation coefficients vary between À0.440 (t-value = 2.08) and À0.850 (tvalue = 6.84). The lower correlation is, at least partly, the effect of having a shorter series, in which the uncertainty in the trend estimation is larger. Furthermore, the scatter of the estimated trends is not only caused by uncertainties in wind speed measurements and/or climatological variations in wind speed, but also by changes in mesoscale roughness.
[38] Another possibility for the observed trends that should be excluded, is that changes in instrumentation are dominating the results. Table 1 shows that there are several stations (e.g., 265, 279, 290) where some 20 degree wind sectors show an increase while others show a decrease in wind speed and/or ECFs. The existence of differences in trends between wind directions at individual stations shows that the effect of changes in instrumentation is small, as any instrumentation effect would have lead to consistent changes for all wind directions at a specific station.
[39] These findings are evidence that the negative correlation shown in Figure 3 indicates that the observed trends in wind speed at individual stations (both positive and negative) can at least be partially attributed to changes in surface roughness within the vicinity of the measurement sites. By applying a linear fit to the data, using the routine FITEXY [Press et al., 1992] , that takes into account the uncertainties in both trend estimations (see Figure 3 ), it appears that the regression coefficient between relative trends in wind speed and relative trends in ECFs is À2.0.
[40] Table 1 shows that, averaged over all stations, a negative trend in mean wind speed of 3.1% (0.13 m/s) per decade and a positive trend in the directional frequency weighted average ECF of 1.1% per decade is found for 1981-2009. The regression coefficient from the best linear fit in Figure 3 suggests that approximately 70% (i.e., À2.0 times 1.1% divided by À3.1%) of the observed trend in wind speed is explained by changes in local roughness.
[41] However, equation (6) shows that when the relative changes in ECFs fully explain the relative changes in measured wind speed, points should obey the line y = Àx (Figure 3 ), equal to a regression coefficient of À1.0. Thus, following the presented theoretical description of the boundary layer, the positive trend in ECFs of 1.1% per decade can only explain a 1.1% per decade negative trend in mean wind speed. This suggests that only about 35% of the trend in mean wind speed over all stations is explained by an increase in local roughness.
[42] Three main issues that may cause the regression coefficient to be twice as high as expected are: (i) limitations of the gustiness analysis; (ii) deficiencies in the two layer model; and/or (iii) accompanying changes in mesoscale roughness. Both local and mesoscale roughness can be considered as an integrated surface roughness over a particular area, where the area is larger in case of mesoscale roughness [Wieringa, 1986; Verkaik, 2006] . A comparison between local and mesoscale roughness lengths, derived from land use maps, shows that mesoscale roughness is somewhat correlated to local roughness [Verkaik et al., 2003; Verkaik, 2006] . Thus, when local roughness is changing, it is likely that mesoscale roughness is changing in a similar direction. This would cause trends in potential wind and may explain why the absolute value of the regression coefficient between trends in ECFs and wind speed is higher than 1.0.
[43] In any case, the regression coefficient of about À2.0 suggests that 70% of the trend in wind speed is explained by local differences between individual stations, correlated to trends in ECFs (i.e., local roughness). Therefore, it is likely that this 70% is explained by surface roughness changes in the vicinity of the stations. In the context of the two layer model, 35% should be assigned to changes in local roughness and an additional 35% to changes in mesoscale roughness. However, at this point it is impossible to verify to what extend mesoscale roughness is changing and to what extend imperfections in the two layer model are making the model to underestimate the effect of changes in local roughness on wind speed.
[44] The intercept of the linear regression shown in Figure 3 suggests that a 1% per decade decrease in wind speed is present at all stations, pointing toward a large scale effect. Within the context of the two layer model, this part (30% of the trend in wind speed) should be attributed to a decrease of the macro wind. However, effects not incorporated in the two layer model (especially atmospheric stability) may also play a role here.
[45] For 1962-2009, the negative trend in wind speed is 1.7% (0.05 m/s) per decade and the positive trend in ECFs is 0.55% per decade. Following the same analysis method as for , approximately 60% of the trend in wind speed can be attributed to changes in surface roughness in the vicinity of the stations, with local and mesoscale roughness being each responsible for 30%. Within the context of the two-layer model, approximately 40% of the trend in wind speed is caused by a decrease of the macro wind.
[46] Figure 4 shows the trend in ECFs for the coastal stations for 1981-2009 as a function of wind direction. The sea sector ECFs exhibit a trend between À1.0% and +1.2% per decade. Stations 310 and 330 show no clear bias in the trend for sea sector ECFs, whereas station 225 shows a small positive bias. As discussed in section 3.3, it can be assumed that the ECFs for sea sectors are constant over this period. These results suggest a maximum error in the trend estimation for ECFs of about 1.0% per decade. Compared to the trends found for all stations (see Figure 3) , this error seems to be considerably smaller than many of the trends in ECFs found at individual stations. As discussed in section 2.2, the blending height will increase with increasing surface roughness. When the error of 1.0% per decade in trends in ECFs is interpreted as only being caused by uncertainties in the blending height, the trend in blending height is approximately 23 times larger than the trend in ECFs. This implies a change of 110% in the blending height for 1962-2009, which is highly unrealistic. It shows that the assumption of a constant blending height is valid, even when ECFs are subject to systematic trends.
Mesoscale Roughness and Potential Wind Speed
[47] In the previous section, it was proposed that changes in mesoscale roughness contribute to the observed trends in wind speed. To better comprehend this contribution, numerical experiments with the two layer model were carried out. By applying equation (6), the effect of changes in local roughness can be eliminated by looking at potential wind speed. Here, this will be referred to as observed potential wind speed. When the macro wind speed is assumed constant over time (U macro 2 + V macro 2 = constant), equations (4) and (5) can be solved numerically for the friction velocity at the blending height (u * ,m ) when the change in mesoscale roughness is prescribed. From the calculated u * ,m , a potential wind speed can be calculated, which will be referred to as modeled potential wind speed.
[48] As an accurate estimation of mesoscale roughness is difficult to obtain, the (change in) mesoscale roughness is here assumed equal to the (change in) local roughness. In practice, this assumed equality will not necessarily be true, although it is likely that the mesoscale roughness is somewhat correlated to the local roughness, as surface roughness is dependent on the type of landscape [Wieringa, 1986; Verkaik et al., 2003; Verkaik, 2006] .
[49] Figure 5 shows both the relative trend in observed and modeled potential wind speed, including a regression line. A significant positive correlation is found for both periods. From the regression line, it can be seen that the observed change in potential wind is 58% of the modeled change, when assuming the mesoscale roughness equals the local roughness. It suggests that mesoscale roughness is changing at a slower rate than local roughness. Currently no methods are available to independently verify this.
[50] The results show that the enhanced effect of trends in local roughness on measured wind speed could be explained by accompanying changes in mesoscale roughness, although the results presented should only be seen as a qualitative explanation.
Gust Factors in European Countries
[51] Figure 6 shows the changes in relative yearly mean wind speed and relative yearly mean daily gust factors over time for the 8 European countries. In general the year-toyear variability of the mean wind speed is high. For half of the countries analyzed, a significant decrease in wind speed over the last 28 years was found, as shown in Table 2 . Only in Germany, a significant positive trend was found. This is contradictory to other studies, analyzing a smaller number of stations in Germany or different periods [see Vautard et al., 2010; McVicar et al., 2012] , and here no explanation was found. Averaged over all European stations used here, the yearly mean wind speed exhibits a significant decrease by 1.2% per decade (see Table 2 ).
[52] The gust factors show a much smaller year-to-year variability than the wind speed (see Figure 6 ). Post 1982, some series show a steady increase, including Spain, Estonia and Switzerland. Some countries seem to have temporal discontinuities (e.g., Ireland, the Netherlands), while other countries (e.g., Germany, Czech Republic) exhibit a period with an increase in gust factors, followed by a decrease.
[53] For some countries, information about the measurement chain was available. In Germany, Norway and the Netherlands, wind registration changed from analogue to digital around 1990, which might explain the decrease in gust factors during this period. In Germany, sonic anemometers have been introduced around 2000, which did not seem to have influenced the gust factors. In Estonia, the change to digital registration occurred around 2004; this may be too recent to detect a possible influence on time series of gust factors. The discontinuity in gust factors for Ireland around 1997 and the decrease in gust factors for the Czech Republic since 1990 are suspected to have similar reasons, although information about the measurement chain was not available.
[54] For the Netherlands, the daily gust factors show the same trend as the ECFs (see Figure 2) with an increase for 1970-2000, after which the gust factors remain fairly constant. To test the applicability of daily gust factors as a proxy for surface roughness, the correlation between yearly frequency weighted average ECFs and yearly median gust factors was investigated for all 19 stations that have both hourly data available and are included in the ECA&D data set. The correlation coefficient over all stations is 0.89 (t-value = 43.4). For individual stations, 13 from 19 stations show a significant positive correlation and 5 stations show no significant correlation. For 1 station (260, De Bilt), the correlation coefficient was significantly negative, likely related to a change in measurement height from 10 to 20 m in 1993. These results illustrate that the daily gust factors can serve as an adequate proxy for surface roughness, in spite of the effect of instrumentation changes and the non-stationarity of daily wind speed.
[55] There is a significant variation between stations within a country, regarding the trend in daily gust factors and mean wind speed, as shown in Table 2 . However, across Europe the number of stations showing a significant decrease in wind speed (72 of 171) is clearly outnumbering the stations showing a positive trend (26 of 171). The ratio of stations showing a significant positive trend over stations with a significant negative trend is highly varying between countries. The fact that in 6 of 8 countries, some stations exhibit a positive trend, while others have a negative trend in wind speed and/or gust factors, limits the possibility that the trends found are dominated by the instrumentation issues. Assuming any instrumentation issues are internally consistent within one country, such issues would have caused consistent changes for all stations.
[56] Figure 7 relates the relative linear trend in gust factors with the relative trend in mean wind speed and Table 2 shows the corresponding correlation coefficients and t-values. For 6 of the 8 countries, a significant negative correlation was found. This indicates that observed trends in wind speed at stations (with both positive and negative observed trends in wind speed) can at least be partially attributed to changes in surface roughness.
Land Use and Surface Roughness
[57] The most likely reasons for an increase in surface roughness are: (1) urbanization; (2) an increase in forest areas and height; and (3) an increase in cultivated agricultural land area at the expense of pasture land [McVicar et al., 2012] . Based on land use information from the StatLine database (Centraal Bureau voor de Statistiek (CBS, Statistics Netherlands), StatLine Database, http://statline.cbs. nl, retrieved 3 November 2011) (hereinafter CBS, online data, 2011), these changes can be quantified for the Netherlands.
[58] 1. Compared to the total land area of the Netherlands, the urban area increased from 5. 9% in 1967 9% in to 10.2% in 2008 9% in (CBS, online data, 2011 . The effect will likely be especially confined to the mesoscale, as the stations are generally located in rural areas. On the other hand, several of the Dutch stations are located at airfields, where generally an expansion of buildings has occurred [Verkaik, 2001] .
[59] 2. The forested area has increased from 8.7% in 1967 to 10.2% in 2008 10.2% in (CBS, online data, 2011 . In addition, Ciais et al. [2008] also shows an increase in biomass per unit area in forests in Europe.
[60] 3. Although the total area of agricultural land decreased by 14% for 1967-2008, the amount of cultivated land (typically z 0 = 0.1 m for low crops and z 0 = 0.25 m for high crops [Wieringa et al., 2001] ) increased from 39% to 47% in area relative to the total agricultural land area (CBS, online data, 2011) . Pasture land area (typically z 0 = 0.03 m) decreased by 25%. Also the increase of the cultivation of high crops, like corn (CBS, online data, 2011) , in the recent decades is a likely contribution to a higher surface roughness.
[61] Also remotely sensed vegetation indices have shown increasing trends in the amount of vegetation [e.g., Donohue et al., 2009; Beck et al., 2011] , which will contribute to higher surface roughness lengths [Vautard et al., 2010] .
[62] It should be noted that besides changes in land use, gustiness analysis may also be sensitive for specific climatological changes. For example, for countries with a frequent snow cover, like Switzerland and Czech Republic, the observed decreasing trends in snow cover [e.g., Laternser and Schneebeli, 2003; Marty, 2008] may attribute to an increasing surface roughness, as a snow cover generally has a low roughness length, compared to other types of land surfaces (z 0 < 1 mm [e.g., Wieringa et al., 2001; Clifton et al., 2006] ).
Discussion
[63] The local roughness length at meteorological sites in the Netherlands typically increased by a factor 1.72 over . It was found that about 70% of the observed decreasing trend in wind speed of 3.1% (0.13 m/s) per decade in the Netherlands could be explained by the increase in surface roughness. These results are in agreement with the study by Vautard et al. [2010] . They found that changes in atmospheric circulation that are captured by reanalysis models were able to explain 10-50% of the decreasing trends in wind speed. Their numerical experiments using a mesoscale meteorological model showed that about a doubling of the roughness length in the model was necessary to fully explain the observed decreasing trends in surface wind speed of 2.4% per decade for 1979-2008 in Europe. The smaller set of European countries used here showed an average decrease in yearly mean wind speed of 1.2% for 1982-2009. The results from the Dutch stations confirm that an increase of the roughness length up to a doubling (for 1962-2009 ) is not unrealistic and that it is capable of explaining an important part of trends in observed wind speed. The negative correlation between trends in gust factors and mean wind speed in the European data set is an indication that similar trends may exist on a large scale.
[64] Although changes in surface roughness have already been proposed to cause decreasing trends in wind speed, many studies had difficulties in proving and quantifying the changes in surface roughness. This study has shown some complicating issues in attributing trends in wind speed to trends in surface roughness. First, the observed wind speed seems to be influenced up to 70% by changes in the close environment of the stations. Local roughness, with a typical length scale up to approximately 500 m, has been shown to explain 35% of the trend in wind speed for Dutch stations. The mesoscale roughness, with a typical footprint up to 8 km, another 35%. As meteorological measurement networks are generally measuring at a much smaller resolution, these roughness changes cannot be resolved in a typical observational network. It supports the results by Rayner [2007] , who also found no spatial correlation in wind run trends at stations and concluded that this may be related to changes in the local environment surrounding the observing stations. Typical remotely sensed vegetation indices that Figure 6 . Series of (a) standardized yearly mean wind speed and (b) standardized yearly mean daily gust factors, averaged per European country. The vertical grid distance is respectively 0.1 (À) (Figure 6a ) and 0.125 (À) (Figure 6b ). The number in the brackets denotes the number of stations used in the analysis. The series start when at least 2 (Estonia) or 3 (other countries) stations per country are available. have been used in relation with trends in wind speed [Vautard et al., 2010; McVicar et al., 2012] have resolutions of approximately 8 km [Beck et al., 2011] , which is close to the upper limit of the typical length scale of mesoscale roughness. For Europe, positive trends in vegetation indices are found since 1981 [Donohue et al., 2009; Beck et al., 2011] . This shows that an increase in vegetation is playing a role in the increase of surface roughness, but the scale difference is likely to cause problems in quantitatively relating observed trends in wind speed at individual stations to these indices. This could explain why in general negative correlations between trends in wind speed and trends in vegetation indices are found, but that there are also stations where trends in wind speed and vegetation indices have equal sign [Vautard et al., 2010; McVicar et al., 2012] . Eventually, the use of time series of high resolution satellite imagery (e.g., Landsat, SPOT) could improve the assessment of temporal variations in surface roughness (directional by sector) at meteorological stations.
[65] Secondly, the trends in surface roughness are not uniform: they differ per station and per wind direction sector. At some stations, both increasing and decreasing trends were found for different wind direction sectors. Furthermore, Table 3 shows that the increase in roughness is independent of the roughness length itself. Some stations with relatively low roughness values around 1981 experienced much bigger changes (e.g., 275, 280, 356) than others (e.g., 240, 277, 279, 370) . Some stations with relatively high roughness values around 1981 experienced little change (e.g., 279, 290).
[66] Thirdly, most stations in the Netherlands experienced an increase in surface roughness, although the station surroundings were different. For example, some stations are located on airports with large scale flat terrain on the mesoscale, some near agricultural land and others are surrounded by forest areas. The fact that the increase in surface roughness is country wide and found at most stations in the Netherlands, suggests that there are multiple causes for the increase. This supports the results by Guo et al. [2011] , who found that in China wind speed trends at rural stations are similar to those at urban stations.
[67] Although trends in surface roughness are capable of explaining an important part of observed trends in terrestrial wind speed, there are also results reported in literature that cannot be explained by these trends. It has been found that the frequency of strong wind speeds shows a larger decreasing trend than weak wind speeds [Smits et al., 2005; Vautard et al., 2010] , but also that the decreasing trend in the 90% percentile wind speed is smaller than in the 50% percentile for measurement sites in the United States [Pryor et al., 2009] . These results cannot be understood by trends in surface roughness only and may require additional study of atmospheric conditions, for example by mesoscale meteorological modeling. Furthermore, trends in surface roughness can partly explain discrepancies between geostrophic and model reanalysis wind speeds with observations [Smits et al., 2005; Rayner, 2007; Pryor et al., 2009; Vautard et al., 2010; McVicar et al., 2012] , but model reanalyses also have been reported to give dissimilar results [Vautard et al., 2010] or underestimate trends in wind speed over oceans, where changes in surface roughness are playing a marginal role [Thomas et al., 2008] . Surface roughness is also not the only factor governing trends in wind speed. Several studies were successful in attributing wind speed trends to changes in for example atmospheric circulation or stability [see McVicar et al., 2012, and references therein] . Also this study has attributed about 30% of the trend in wind speed for the Netherlands to a decrease of the free atmosphere wind speed (macro wind).
Conclusion
[68] Trend analysis of time series of exposure correction factors derived from wind speed observations in the Netherlands revealed a doubling of the station averaged roughness length for land stations over 1962-2009. The strongest increase, by a factor 1.72, appears to be concentrated between 1981-2009. The increase of surface roughness in the Netherlands is supported by land use information, pointing toward urbanization, increase in forest areas and height, and an increase of agricultural cultivated land area and the cultivation of tall crops such as corn. Averaged over all stations, a decrease in yearly mean wind speed for the Netherlands by 3.1% (0.13 m/s) per decade was found for 1981-2009.
[69] For individual Dutch stations and wind direction sectors, considerable differences in the sign and magnitude of trends for both ECFs and U m were found. However, strong negative correlations between trends in both quantities were found, suggesting that the observed trends in wind speed can at least be partially attributed to changes in surface roughness.
[70] A two layer model, that models the surface layer using a logarithmic wind profile and the Ekman layer by the planetary drag laws, was used to study the influence of the observed changes in surface roughness on wind speed. In this model, surface roughness is divided into local roughness, equal to the gustiness derived surface roughness, and mesoscale roughness. A linear regression between trends in ECFs and U m over all stations and wind direction sectors showed that about 70% of the trend in wind speed can be explained by changes in surface roughness. Both local and mesoscale roughness are capable of explaining about 35% of the observed trend in wind speed each. It has been shown that when taking the trend in mesoscale roughness equal to the trend in local roughness and assuming a constant macro wind speed, the changes in mesoscale roughness have an effect on wind speed at the order of magnitude that is observed.
[71] Within the context of the two layer model, the remaining 30% of the observed trend in measured wind speed should be attributed to a decrease of macro wind speed. Although this is plausible, measurement inaccuracies, the lack of mesoscale roughness information and deficiencies in the two layer model, like the assumption of neutral atmospheric stability, make it impossible to regard this as a final conclusion.
[72] The European wind speed data show an average decrease in yearly mean wind speed by 1.2% for 1982-2009. Of the 8 countries used here, 3 show no trend, 4 show a negative trend and only one shows a positive trend.
[73] Trends in daily gust factors for 6 out of 8 European countries correlate significantly with trends in daily mean wind speed, indicating that the decrease in wind speed can be largely attributed to an increase in surface roughness. By studying metadata of the wind speed data, the use of daily gust factors for determining changes in surface roughness appeared to be handicapped by the effect that changes in the measurement chain have on gust factors. The transition from analogue to digital recorders, which typically occurred during 1990-2000, seems to have typically resulted in a decrease in gustiness.
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